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Abstract

Linking the type and timing of hydrologic changes with patterns of urban growth is essential to identifying
the underlying mechanisms that drive declines in urban aquatic ecosystems. In six urbanizing watersheds
surrounding three U.S. cities (Baltimore, MD, Boston, MA, and Pittsburgh, PA), we reconstructed the history
of development patterns since 1900 and assessed the magnitude and timing of stream f low changes during
watershed development. Development reconstructions indicated that the majority of watershed development
occurred during a period of peak population growth, typically between 1950 and 1970. Stream f low records
indicated significant increases in annual frequency of high-f low events in all six watersheds and increases
in annual runoff efficiency in five watersheds. Annual development intensity during the peak growth period
had the strongest association with the magnitude of changes in high-f  low frequency from the pre- to postdevelopment periods. Results suggest the timing of the peak growth period is particularly important to
understanding hydrologic changes, because it can set the type of stormwater infrastructure installed within
a watershed. In three watersheds there was a rapid (∼10-15 years) shift toward more frequent high-f  low
events, and in four watersheds there was a shift toward higher runoff efficiency. Breakpoint analyses indicated
these shifts occurred between 1969 and 1976 for high-f  low frequency and between 1962 and 1984 for runoff
efficiency. Results indicated that the timing of high-f  low changes were mainly driven by the development
trajectory of each watershed, whereas the timing of runoff-efficiency changes were driven by a combination
of development trajectories and extreme weather events. Our results underscore the need to refine the causes
of urban stream degradation to incorporate the impact of gradual versus rapid urbanization on hydrologic
changes and aquatic ecosystem function, as well as to recognize that the dominant drivers of hydrologic
changes are heterogeneous among urban watersheds and vary over time.
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Introduction

The urban stream syndrome is a conceptual model of the physical, chemical, and biological consequences of
changes occurring in aquatic ecosystems during and following urban development (Walsh et al., 2005a). One
of the primary physical changes associated with urbanization is the alteration of the f  low regime, with urban
streams experiencing increased stream f  lashiness and reduced evapotranspiration, infiltration, and basef  low
(Konrad & Booth, 2005; Walsh et al., 2005a; Poff et al., 2006). However, the magnitude and direction of
stream f  low changes associated with development are variable both within and across regions (Brown et al.,
2009; O’Driscoll et al., 2010; Hopkins et al., 2015). The timing of stream-f  low changes during urbanization
also remains unclear. Clarifying the linkages between development history and stream-f  low changes is necessary to improve predictions of the future impacts of development on stream ecosystems.
Elementa: Science of the Anthropocene • 3: 000056 • doi: 10.12952/journal.elementa.000056
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In general, the replacement of pervious areas with impervious surfaces such as roadways and rooftops is
considered to be the primary factor driving the alteration of the natural hydrologic cycle in urban areas (Schueler
et al., 2009; Shuster et al., 2005). However, numerous other factors acting across regional (e.g., physiographic
setting) to local (e.g., type of stormwater infrastructure) scales can have confounding and interacting effects
on expected hydrologic changes associated with urbanization. Isolating and attributing the importance of
impervious cover relative to other inf  luential factors is particularly challenging because studies characterizing
physical or chemical changes typically employ an urbanization gradient approach, due to limited long-term
datasets. An urbanization gradient approach compares physical characteristics among watersheds that span
a land-use gradient, substituting conditions in watersheds at different stages of development for temporal
changes in conditions as a watershed urbanizes. This space-for-time approach assumes that the effects of
urbanization are uniform across watersheds that span a range of development intensities, often quantified
using metrics like developed land cover or impervious cover. However, urban growth rates are dynamic, varying
spatially within and among cities and temporally in cyclical development booms (Alberti et al., 2007; Bain and
Brush, 2008; Cuo et al., 2009). For example, the development of Baltimore, Maryland occurred during cycles
of building booms that tracked investments in the transportation system (e.g., Baltimore beltway construction during the 1950’s and 1960’s), which allowed development to sprawl in rings away from the city center
(Olson, 1979). Therefore, the urbanization gradient approach typically cannot elucidate finer temporal variability in development patterns or in the type of stormwater infrastructure in watersheds. Stormwater control
regulations also change over time, leading to different types of stormwater infrastructure designs depending
on the time of watershed development (Hale et al., 2014). As a result of these limitations, gradient studies
often fail to arrive at mechanistic explanations of how stressors lead to aquatic declines (Carter et al., 2009).
Supplementing gradient studies with long-term datasets can clarify temporal aspects of when changes in
physical conditions occur during the process of urbanization. Pairing reconstructions of watershed development with stream f  low records is an approach that can be used to characterize interactions between urban
growth patterns and direction and magnitude of stream f  low changes within a watershed, including the
timing of hydrologic changes. For example, Jennings and Jarnagin (2002) relate stream f  low changes in an
urbanizing watershed in Annandale, Virginia, to coincident increases in watershed impervious cover from
3% in 1949 to 33% in 1994. Long-term watershed studies can capture the specific timeframe, and therefore
related drivers, of significant stream f  low alterations. For example, the timing of stormwater infrastructure
construction in a small urban watershed in Pittsburgh, PA indicated that stream f  low alterations began in 1910
whereby half the watershed’s stream f  low was transferred to an adjacent watershed, reducing annual water
yield by almost half (Hopkins et al., 2014). As shown by these and other long-term studies, characterizing
the temporal aspect of development greatly improves the ability to link changes in stream f  low conditions
to specific aspects of development, be it infrastructure construction or the expansion of impervious surfaces.
Watersheds should therefore be assessed within the context of overall landscape history, detailing how and
when an area was developed (Bürgi et al., 2004).
Our study aimed to fill this gap by documenting development trajectories and the type and timing of
stream f  low changes in six urbanizing watersheds surrounding three eastern U.S. cities: Baltimore, MD,
Boston, MA, and Pittsburgh, PA. We focused on characterizing urban growth during the last century and
stream f  low changes since the 1930’s and 1940’s. We assessed whether stream f  low changes exhibited a
linear or threshold, non-linear response to watershed development. We also examined the timing of stream
f  low changes relative to development trajectories in each of the watersheds to identify any lags in hydrologic
response to development. We hypothesized that stream f  low changes would be abrupt in watersheds with
rapid development and gradual in watersheds with slower development. In addition, we hypothesized that
the timing of hydrologic changes would parallel development trajectories.

Methods
Study areas

Baltimore, MD, Boston, MA, and Pittsburgh, PA were selected as study metropolitan areas due to the
availability of long-term stream f  low records in urbanizing watersheds and parcel-level datasets for growth
reconstructions (Figure 1). In the study cities, we identified six watersheds with USGS stream f  low records
longer than 40 years, including a time period that spanned urban development in the watershed. Watersheds
included three in Baltimore, two in Boston, and one in Pittsburgh (Table 1). All watersheds are within
the U.S. Census Bureau metropolitan statistical area (MSA) of each city and have drainage areas less than
100 km2 (Figure 1). The study watersheds are located within the metropolitan area of each city. Long-term
stream f  low records were unavailable further downstream, in the urban core of the study cities. The Baltimore
watersheds are located within the Piedmont Upland Region characterized by rolling to hilly uplands with
broad-bottomed valleys and streams incised into narrow, steep-sided valleys (Reger and Cleaves, 2008). The
Boston watersheds are located within the Northeastern Coastal Zone characterized by low gradient streams
dominated by glacial till, including ground moraine and gravel, sand, and silt deposited glacial streams
Elementa: Science of the Anthropocene • 3: 000056 • doi: 10.12952/journal.elementa.000056
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Figure 1

Study locations.
The locations of study watersheds
in Boston, MA, Pittsburgh, PA,
and Baltimore MD. All study
watersheds are located within the
metropolitan area of each city.
doi: 10.12952/journal.elementa.000056.f001

(Clawges & Price, 1999). Abers Creek, the Pittsburgh watershed, is within the Western Allegheny Plateau
characterized by hilly terrain dissected by perennial streams in narrow valleys underlain by horizontally bedded sedimentary rock (Wagner, 1970).

Reconstructing watershed growth

Parcel-level property-tax assessments and U.S. Census records were used to reconstruct building density and
population density in each study watershed. Parcel-level property-tax assessment records contain a building
construction date for each parcel. Parcel boundaries in each watershed and associated building construction
dates were used to estimate building densities every decade from 1900 to 2010, as well as for 1955, 1965, and
1975 to better capture development trends after World War II. Property tax-assessment records were only
available for the portion of the Abers Creek watershed in Allegheny County, PA (82% of the watershed).
Basin area in Allegheny County was used to estimate building densities. We assumed each parcel contained
one building. It is possible that building densities are underestimated in earlier decades due to replacement
of historical houses during redevelopment. However, given limited data on historical housing locations and
actual structure counts, these estimates are reasonable for evaluating general growth trends. In addition, we
verified the consistency of our building density records by cross-checking building density data with tract-level
Table 1. Location and characteristics of study watersheds
Watershed
Name

Metropolitan
Area

Basin Area
(km2)

USGS Gage
Number

Flow Record
Spans

Record
Length (years)

Property
Assessment
Data Source

NCDC Station
IDs

Dead Run

Baltimore,
MD

14.2

01589330

1961 -2012

41

Maryland
Property View

USW00093721
COOP:180465

Gwynns
Falls at Villa
Nova

Baltimore,
MD

84.5

01589300

1957 - 2012

48

Baltimore
County GIS

USW00093721
COOP:180465

Little Patuxent River

Baltimore,
MD

98.0

01593500

1933 - 2012

80

Baltimore
County GIS

USW00093721
COOP:180465

Aberjona
River

Boston, MA

59.7

01102500

1940 - 2012

73

MassGIS

USW00014739
COOP:190770

Neponset
River

Boston, MA

84.9

01105000

1941 - 2012

72

MassGIS

USW00014739
COOP:190770

Abers Creek

Pittsburgh,
PA

11.4

03084000

1950 - 1993

44

Allegheny
County

USW00094823
COOP:366993

doi: 10.12952/journal.elementa.000056.t001
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U.S. Census records (Minnesota Population Center, 2011). Area-weighted tract/county population records
were used to calculate watershed population densities each decade from 1930 to 2010. Where tract-level
population data were not available, county-level data were used. This substitution was necessary for years
prior to 1950 in three watersheds (Little Patuxent River (MD), Gwynns Falls (MD), and Abers Creek (PA))
and years prior to 1960 in one watershed (Neponset River (MA)).
The building density record was used to quantify the intensity of watershed development and the timing
of the peak growth period in each watershed. The onset of the peak growth period was determined using
visual assessment to identify the first inf  lection point in the building density time series, indicating a shift
towards accelerated development. The end of the peak growth period was identified using the second inf  lection
point, indicating a decline or plateau in the rate of the building density increase. We also identified the year
marking the middle of the peak growth period, henceforth called the peak growth midpoint. Development
intensity during the peak growth period was estimated by calculating the rate of change in building density
construction from the start to the end of the peak growth period. Four additional growth metrics were also
calculated including the mean year of building construction, the rate of change in building density from
1900 to 2010 and from 1950 to 2010, and the change in population density from 1950 to 2010. Mean year
of building construction was calculated by taking the average year in which buildings were built across the
entire watershed. For subsequent hydrological analysis, the peak growth midpoint was then used to define a
period prior to and after the main development boom. The pre-development period was defined as the time
period prior to and inclusive of the peak growth midpoint, while post-development period was defined as
the time period after the peak growth midpoint. We used the year of the peak growth midpoint to define
growth periods because this approach allowed for standardized criteria among watersheds with different
growth trajectories (Table 2). The spatial arrangement of development patterns within the watershed may
also be an important factor inf  luencing hydrologic changes. However, assessing temporal changes in the
spatial arrangement of development was outside the scope of our study.

Hydrologic characterization
Daily mean stream f  low records were obtained for each watershed at the nearest USGS stream gage (Table 1).
All stream f  low records were complete, except for Dead Run and Gwynns Falls records which had data gaps
from 1987-1998 and 1988-1998, respectively. The gaps in the stream f  low record for Dead Run and Gywnns
Falls occur during the late growth period and include at least ten years of continuous of stream f  low records
both before and after the data gap. Therefore, even with this data gap, the overall trend during the late growth
period can still be elucidated. Stream f  low records were used to calculate the frequency of high-f  low events
and runoff efficiency on an annual basis. The Indicators of Hydrologic Alteration software (IHA version
7.1) was used to quantify the annual frequency of high-f  low events (Richter et al., 1996). The frequency of
high-f  low events was determined by first calculating the 75th percentile stream f  low using the entire stream
f  low record. The 75th percentile f  low value served as the threshold f  low above which f  lows were identified
as high f  lows. F  lows coded as high f  low were then used to quantify the frequency of high-f  low events for
each year. It is important to note that high-f  low events spanning multiple days were counted as one distinct
Table 2. Comparison of development patterns in each study watershed
Watershed

Mean
Year Built
(s.d.)

Peak
Growth
Period

Peak
Growth
Midpoint

Peak
Growth
Period
Length (yrs)

Peak
Building
Density
Growth
(bldg/km2/yr)

Peak
Population
Density
Growth
(ppl/km2/yr)

Building
Density
Growth
1950 - 2010
(bldg/km2/yr)

Population
Density
Growth
1950 - 2010
(ppl/km2/yr)

Dead Run

1965 (18)

1950-1965

1957.5

15

16.3

32

7.3

18.5

Gwynns
Falls at
Villa Nova

1977 (22)

1950-2000

1975

50

6.9

21

6.4

20.3

Little
Patuxent
River

1979 (13)

1965-1990

1977.5

25

9.5

26

5.2

15.4

Aberjona
River

1945 (39)

1950-1960

1955

10

7.8

28

3.1

9.4

Neponset
River

1957 (34)

1950-1965

1957.5

15

2.9

11

1.6

4.5

Abers
Creek

1968 (11)

1955-1970

1962.5

15

12.7

45

4.4

12.3

doi: 10.12952/journal.elementa.000056.t002
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event. Annual high-f  low frequency was calculated based on a water year, rather than a calendar year (e.g.,
water year 2013 is October 1, 2012 through September 30, 2013). Annual high-f  low frequencies for Dead
Run and Gwynns Falls were only calculated for years with complete stream f  low records.
Watershed runoff efficiency was also calculated because the frequency of high-f  low events varies annually
with precipitation. Annual runoff efficiency was calculated by dividing total annual storm f  low in mm by total
annual precipitation in mm. Runoff efficiency represents the proportion of total annual rainfall that is routed
to the stream as runoff. USGS PART software (version 2.0) was used to separate daily mean discharge into
annual basef  low and storm f  low contributions, calculated in mm. PART uses stream f  low partitioning and
linear interpolation to identify f  low days that fit a requirement for antecedent recession conditions, designating basef  low to be equal to stream f  low on those days (Rutledge, 1998). Annual runoff efficiencies were only
calculated for years with complete stream f  low records. Annual precipitation records were obtained from the
National Climate Data Center using the nearest long-term weather station (Table 1).

Data analysis

Stream f  low changes were characterized across the entire time series and by contrasting pre- and post-development
periods. Across each time series, non-parametric Kendall tau tests were used to identify significant increases
or decreases in annual high-f  low frequency, annual runoff efficiency, annual precipitation amount, and annual
maximum daily precipitation in each watershed. Kendall’s tau is often used due to the non-normal distributions
and extreme events common in hydrologic datasets (Kendall, 1938). In cases where there was a sustained
increasing trend or step increase in high-f  low-event frequency or runoff efficiency, hydrologic breakpoints
were identified from a piecewise linear regression model that minimized the mean square error. Breakpoint
analysis and piecewise linear regression were performed using the segmented package in R (Muggeo, 2003;
R Core Team, Version 3.2.0, 2014). Hydrologic breakpoints were used to characterize the timing of hydrologic
changes relative to development. We assessed whether the hydrologic breakpoint occurred within the peak
growth period and calculated hydrologic response lags by subtracting the year of the hydrologic breakpoint
from the year of the peak growth midpoint.
To assess the magnitude of hydrologic changes following urbanization, the stream f  low record was divided
into two time periods, one representing f  low conditions during the pre-development period and one for the postdevelopment period. Annual values for each hydrologic metric during the pre- and post-development periods
were averaged across the respective periods. The magnitude of hydrologic change arising from development
(i.e., the magnitude of the hydrologic “shift”) was calculated by subtracting the mean pre-development value
from the mean post-development value for both high-f  low frequency and runoff efficiency. We were unable
estimate mean pre-development f  low values for Dead Run (MD) because the hydrologic record lacked a f  low
record prior to the growth midpoint. Mann-Whitney U Tests performed in R (R Core Team, Version 3.2.0,
2014) were used to test the significance of differences in the means of hydrologic metric values during the
pre- and post-development periods. The Mann-Whitney U test is a non-parametric test used to compare
the means of two samples that have different lengths and are not normally distributed (Mann and Whitney,
1947). The same method was used to determine if precipitation amounts were significantly different during
pre- and post-development periods. Linear regression analysis was used to assess relationships between the
mean change in hydrologic metrics from pre- and post-development periods and growth metrics. We explore
if greater development intensity leads to a larger and faster change in hydrologic metrics.

Results
Development trajectories

The development trajectories in the study watersheds were characterized by three stages, pre-development, peak
growth, and stabilization. The pre-development stage typically occurred prior to 1950 and was characterized by
relatively low (< 50 bldg km-2) building densities and low annual growth rates (< 2 bldg km-2 y-1) (Figure 2).
Development then expanded during the peak growth stage, typically between 1950 and 1970 (Table 2).
Abers Creek (PA), Dead Run (MD), Little Patuxent River (MD), and Aberjona River (MA) watersheds
experienced rapid growth during the peak growth period, characterized by peak building-density growth
rates at least double the overall building-density growth rate in the watershed (Table 2). In contrast, Gwynns
Falls (MD) and Neponset River (MA) had gradual growth during the peak growth period, characterized by
peak growth rates similar to the overall growth rate (Figure 2). Building-density growth rates during the peak
growth stage ranged from 2.9 bldg km-2 y-1 in the Neponset River (MA) watershed to 16.3 bldg km-2 y-1 in
the Dead Run watershed (Table 2). Population density growth rates during the peak growth stage ranged
from 11 ppl km-2 y-1 in the Neponset River watershed to 45 ppl km-2 y-1 in the Abers Creek watershed. The
peak growth stage was extended until 1990 and 2000 in two of the Baltimore watersheds, Little Patuxent
River and Gwynns Falls, respectively (Figure 2). Development growth rates plateaued during the stabilization
phase, which typically occurred after 1970. In Abers Creek, the stabilization period also included a decline
Elementa: Science of the Anthropocene • 3: 000056 • doi: 10.12952/journal.elementa.000056
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Figure 2

Watershed development traject
ories.
Study watershed development
histories indicate development
typically began around 1950,
with rapid growth until 1970
followed by a plateau in
development. Colors indicate
geographic differences; light blue
is Baltimore, black is Boston, and
gray is Pittsburgh.
doi: 10.12952/journal.elementa.000056.f002

in population density starting in 1980 (Figure 2). Among cities, mean building construction dates indicated
development began earliest in the Boston watersheds, with mean building construction dates of 1945 in the
Aberjona River watershed and 1957 in the Neponset River watershed (Table 2). Development was most
recent in Baltimore watersheds, with the Little Patuxent River and Gwynns Falls watersheds having mean
building construction dates of 1979 and 1977, respectively.

Increased frequency of high-f  low events

Significant (p < 0.05) increases in the frequency of high-f  low events were identified across each f  low record
(Table 3). Increases in annual high-f  low frequency were gradual across the stream f  low record in Gwynns Falls,
Little Patuxent River, and Neponset River (left panels, Figure 3). In contrast, f  low records from Dead Run,
Abers Creek, and Aberjona River indicated a step increase in the annual high-f  low frequency between 1960
and 1975, with a shift towards more frequent high-f  low events (right panels, Figure 3). Breakpoint analysis
identified that high-f  low frequency breakpoints occurred in 1969 in Abers Creek, 1973 in the Aberjona River,
and 1976 in Dead Run (Table 3). The high-f  low breakpoint in Abers Creek occurred within the bounds of
the peak growth period, while the high-f  low breakpoints for Dead Run and Aberjona River occurred after
the peak growth period (dashed lines, Figure 3). High-f  low breakpoints lagged 6.5 to 18.5 years behind the
peak growth midpoint (Table 3). In Dead Run, the breakpoint separated a period of consistently increasing
high-f  low frequencies between 1961 and 1976, from a period of stabilized high-f  low frequency between
1976 and 2012. In Abers Creek and the Aberjona River, the breakpoint marked a shift from one f  low state
to new, elevated state.
Table 3. Long-term hydrologic trends, breakpoints, and response lags
Watershed

High-Flow Frequency

Runoff Efficiency

Precipitation
Amount

Kendell’s tau

Breakpoint
Year

Response Lag
(yrs)

Kendell’s tau

Breakpoint
Year

Response Lag
(yrs)

Kendell’s tau

Dead Run

0.32*

1976

18.5

0.41*

1984

26.5

0.15

Gwynns Falls
at Villa Nova

0.38*

--

--

0.35*

1973

-2

0.10

Little Patuxent River

0.32*

--

--

0.37*

1971

-6.5

0.11

Aberjona
River

0.51*

1973

18

0.53*

1962

7.0

0.13

Neponset
River

0.22*

--

--

0.33*

--

--

0.11

Abers Creek

0.48*

1969

6.5

-0.03

--

--

0.08

*Significant trend at p < 0.05.

doi: 10.12952/journal.elementa.000056.t003
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Figure 3

Long-term changes in annual
high-flow frequency.
The annual frequency of highflow events in each study
watershed. Grey shaded areas
indicate the peak growth period.
Black solid lines indicate the year
of the peak growth midpoint.
Dashed black lines indicate the
year of high-flow breakpoints.
doi: 10.12952/journal.elementa.000056.f003

Mean annual high-f  low frequency during pre- and post-development periods were compared to determine
high-f  low frequency shifts in each watershed (Figure 4A). Significant (p < 0.05) high-f  low frequency shifts
were found in all the study watersheds with sufficient pre- and post-development f  low data (Table 4). Abers
Creek had the largest high-f  low frequency shift, with an increase from a mean of 16 high-f  low events per
year during the pre-development period to a mean of 24 events per year during the post-development time
period. Among the Boston watersheds, high-f  low frequency shifts were more than two times greater in the
Aberjona River compared to the Neponset River (Table 4). Among the Baltimore watersheds, the high-f  low
frequency shifts ranged from 5 to 6 events per year.

Increased runoff efficiency

Significant (p < 0.05) increases in runoff efficiency were identified across each f  low record except that of
Abers Creek (Table 3). Increases in annual runoff efficiency were gradual across the stream f  low record in the
Neponset River (Figure 5). In contrast, f  low records from Gwynns Falls, Dead Run, Little Patuxent River,
and Aberjona River indicated step increases in the annual runoff efficiency between 1962 and 1984, with a

Figure 4

Comparisons of pre- and postdevelopment flow metrics.
Box plots with statistics for each
watersheds grouped by predevelopment (blue) and postdevelopment (grey) time periods
for annual high-flow frequency
(A) and annual runoff efficiency
(B). Dead Run is excluded due to
a lack of pre-development data.
The boxplots show the interquartile range, with the black
line representing the median.
The dotted lines represent
the minimum and maximum,
excluding the outliers (greater
than or less than 1.5x the upper
or lower quartile), which are the
dots.
doi: 10.12952/journal.elementa.000056.f004
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Table 4. Means and standard deviations (in parentheses) for hydrologic metrics during pre- and post-development
periodsa
Watershed

Period

Mean Annual High-Flow
Frequency

Mean Annual Runoff
Efficiency

Gwynns Falls
Pre-development

1957 - 1975

24.0 (6.7)

0.152 (0.06)

Post-development

1976 - 2012

29.5 (5.9)

0.205 (0.06)

5.5*

0.053*

Flow shift
Little Patuxent River
Pre-development

1933 - 1978

21.0 (6.2)

0.135 (0.06)

Post-development

1978 - 2012

27.2 (6.4)

0.192 (0.05)

6.1*

0.057*

Flow shift
Aberjona River
Pre-development

1940 - 1955

9.5 (3.8)

0.079 (0.02)

Post-development

1955 - 2012

15.1 (5.6)

0.131 (0.05)

5.6*

0.052*

Flow shift
Neponset River
Pre-development

1941 - 1958

7.9 (3.6)

0.076 (0.02)

Post-development

1959 - 2012

10.4 (4.0)

0.101 (0.03)

2.5*

0.026*

Flow shift
Abers Creek
Pre-development

1950 - 1963

16.4 (4.0)

0.198 (0.05)

Post-development

1964 - 1993

24.0 (5.8)

0.198 (0.05)

7.5*

0

Flow shift

Dead Run was excluded due to a lack of pre-development flow data.
*Indicates significant difference in the means based on Mann-Whitney U Test (p < 0.05).
a

doi: 10.12952/journal.elementa.000056.t004

shift towards higher runoff efficiency. Breakpoint analysis identified runoff efficiency breakpoints occurred in
1984 in Dead Run, 1973 in Gwynns Falls, 1971 in Little Patuxent, and 1962 in the Aberjona River (Table 3).
The runoff efficiency breakpoints in Gwynns Falls and Little Patuxent River occurred within the bounds of
the peak growth period, while the runoff efficiency breakpoints for Dead Run and Aberjona River occurred
after the peak growth period (Figure 5). Runoff efficiency breakpoints for the latter two watersheds lagged

Figure 5

Long-term changes in annual
runoff efficiency.
The annual runoff efficiency
in each study watershed. Grey
shaded areas indicate the peak
growth period. Black solid lines
indicate the year of the peak
growth midpoint. Dashed black
lines indicate the year of runoff
efficiency breakpoints.
doi: 10.12952/journal.elementa.000056.f005
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Figure 6

Peak growth and hydrologic
shifts.
Relationship between high-flow
frequency shifts (A) and runoff
efficiency shifts (B) with peak
building density growth.
doi: 10.12952/journal.elementa.000056.f006

26.5 and 7 years behind the peak growth midpoint (Table 3). In Dead Run, the runoff efficiency breakpoint
separated a time period with a consistent annual increase in runoff efficiency (1960 – 1984) from a time period
of lower runoff efficiency. In Gwynns Falls, Little Patuxent River, and Aberjona River the runoff efficiency
breakpoint marked a shift from one f  low state to a new, elevated state (Figure 5).
Mean annual runoff efficiency during pre- and post-development time periods were compared to determine
the runoff-efficiency shifts in each watershed (Figure 4B). Significant (p < 0.05) shifts in runoff efficiency
were found in four of the study watersheds (Table 4). The Little Patuxent River had the largest shift in runoff
efficiency, with an increase from a mean of 0.135 during the pre-development period to a mean of 0.192
during the post-development time period. Among the Boston watersheds, the runoff-efficiency shift was
two times greater in the Aberjona River compared to the Neponset River (Table 4).

Development intensity and f  low-shift magnitude

Among the growth metrics examined, peak building-density growth had the strongest association with the
magnitude of high-f  low frequency shifts (Figure 6). High-f  low frequency shifts were proportional to the
overall change in peak building-density growth (r2 = 0.95, p < 0.05) and peak population growth (r2 = 0.84,
p < 0.05), but not with any of the other growth metrics (Table 5). No significant correlations were identified
between growth metrics and annual runoff-efficiency shifts (Table 5).

Precipitation patterns
There were no significant (p < 0.05) trends in annual precipitation amount from 1950 to 2012 in the
Baltimore, Boston, or Pittsburgh precipitation records (Table 3). Average annual precipitation from 1950
to 2012 in Baltimore, Boston, and Pittsburgh was 107 cm, 111 cm, and 96 cm, respectively. There were no
significant trends in maximum daily precipitation amount in Boston or Baltimore between 1950 and 2012;
Table 5. Linear regression results for the magnitude of hydrologic shifts and growth metrics

*

Annual Flow
Metrics

Peak Building
Density Growth

Peak Population
Density Growth

Building
Density Growth
1950 - 2010

Population
Density Growth
Rate 1950 2010

Building Density 2010

Population
Density 2010

High-Flow
Frequency Shift

0.95*

0.84*

0.42

0.33

0.37

0.25

Runoff
Efficiency Shift

0.01

0.24

0.11

0.16

0.29

0.36

Significant trend based on linear regression at p < 0.05.

doi: 10.12952/journal.elementa.000056.t005
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however, there was a significant increasing trend (p < 0.05) in annual maximum daily precipitation amount
in Pittsburgh between 1953 and 2012.

Discussion
Gradual and rapid stream f  low changes

Our results demonstrated both gradual and rapid hydrologic changes in urbanizing watersheds in Boston,
Baltimore, and Pittsburgh (Figures 3 and 5). Previous studies also identified significant stream f  low changes
in urbanizing watersheds (Beighley and Moglen, 2002; Jennings and Jarnagin, 2002; Nelson et al., 2006).
However, the abruptness of the stream f  low shifts identified in our study watersheds have not been clearly
demonstrated before. The abruptness of hydrologic shifts was most clearly evident in the Abers Creek
high-f  low frequency record (Figure 3). In Abers Creek, the frequency of high-f  low events increased from an
annual average of 16 ± 4.0 events during the pre-development period to an annual average of 24 ± 5.8 during
the post-development period (Table 4). The shift from the lower-f  low state to a higher-f  low state occurred
during an eleven-year period between 1963 and 1974, coincident with the timing of peak growth between
1955 and 1970 (Figure 3). Rapid urbanization in Abers Creek led to a parallel increase in the frequency of
high-f  low events during development and then a stabilization of the f  low regime as development slowed. The
Aberjona River f  low record also demonstrated a rapid shift in high-f  low frequency around 1973 and a shift
in runoff efficiency around 1962. In Dead Run, there was not sufficient pre-development data to characterize hydrologic conditions prior to peak urbanization. But the consistent annual increase in both high-f  low
frequency and runoff efficiency from the start of the f  low record until 1976 and 1984, respectively, and then
stabilization of both hydrologic metrics at an elevated level suggested that a f  low shift also occurred in Dead
Run (Figures 3 and 5).
Regression analysis of growth metrics and high-f  low shifts indicated that the intensity of urbanization
during the peak growth period was the strongest driver of the magnitude of observed high-f  low frequency
shifts (Table 5). The magnitude of high-f  low shifts was proportional to building density increases during the
peak growth period (Figure 6A). This result is consistent with DeWalle et al. (2000), who found that urbanization increased mean annual stream f  low proportional to average changes in watershed population density
relative to rural watersheds. In contrast, there was no significant correlation between runoff efficiency shifts
and growth metrics, largely because of a lack of runoff efficiency shift in Abers Creek (Table 5). For Abers
Creek we expected, based on development intensity, that runoff efficiency would increase post-development.
However, in Aber Creek basef  low may have been supplemented during the post-development period by
the addition of sewage eff  luent from the Holiday Park Sewerage Treatment Plant located in the watershed
(DCNR, 2002). The addition of treated sewage may confound our calculations for runoff efficiency, a metric
sensitive to changes in base f  low as well as storm f  low.
Our results suggest that development intensity during the peak growth period may be more important
than overall development intensity, since peak building density growth was a significant predictor of the
magnitude of high-f  low frequency shifts while contemporary building or population density were not
correlated (Table 5). This may be because the peak growth period sets the underlying infrastructure t emplate—
including the road network and the dominant type of stormwater infrastructure in the watershed. The year
of development inf  luences the type of stormwater infrastructure installed within a watershed (Hale et al.,
2014). For example, in Dead Run, developments built after 1982 were subject to Maryland’s Stormwater
Management Act that required the installation of stormwater management infrastructure (Balascio and Lucas,
2009). In Dead Run, developments prior to 1982 had fewer stormwater management practices (e.g., retention ponds), a higher density of drainage infrastructure, and f  lashier f  lows compared to developments built
after 1982 (Meierdiercks et al., 2010). In small urban watersheds, the average building construction date
provides some information about the dominant infrastructure system. However, existing conceptual models
for urban impacts on aquatic ecosystems (Kaushal and Belt, 2012; O’Driscoll et al., 2010; Walsh et al.,
2005a) do not incorporate the importance of the timing of development in setting the type of stormwater
infrastructure installed or the changes in development intensity over time. Our results indicate these may be
important factors driving the magnitude of hydrologic changes within a watershed, and should henceforth
be incorporated into discussions of urban stream syndrome.

Factors inf  luencing high-f  low frequency lags

Our results indicated variability in the timing of high-f  low shifts in urbanizing watersheds, with one
high-f  low shift occurring within the peak growth period and two outside the bounds of the peak growth
period (Figure 3). The unique history of watershed development in each study watershed suggested some
possible drivers of hydrologic response lags. We defined the response lag as the number of years between the
hydrologic breakpoint and the peak growth midpoint. The response lag standardized the timing of hydrologic
changes in each watershed relative to the peak growth period, which appeared to be an important driver of
Elementa: Science of the Anthropocene • 3: 000056 • doi: 10.12952/journal.elementa.000056
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the magnitude of hydrologic shifts (Table 5). Lags in the response of high-f  low frequency were observed in
the watershed with the highest building density of the study watersheds in each city. Abers Creek had the
shortest response lag in high-f  low frequency, with the breakpoint occurring within the bounds of the peak
growth period (Figure 3). The shortness of the response lag in Abers Creek was likely linked to the timing and
intensity of development. In Abers Creek, the majority of watershed growth (70%) occurred during the peak
growth period, with limited growth preceding the peak growth period. The abrupt patterns in development
and high-f  low changes suggest that human and hydrologic systems can be tightly coupled if development
is very rapid and intense.
In contrast, breakpoints in high-f  low frequency for Dead Run and Aberjona River were outside the bounds
of the peak growth period, indicating a longer response lag (Figure 3). The timing of hydrologic changes
identified in Dead Run are consistent with Nelson et al. (2006), who found an increase in mean annual
discharge during the 1960’s and 1970’s that plateaued in the 1980’s. Nelson et al. (2006) attributed the f  low
increase during the 1970’s to an inf  lux of imported water from leaks in the water-distribution system and
during the 1980’s to a plateau to evapotranspiration in newly constructed detention ponds. While these are
plausible explanations for observed f  low changes in Dead Run, our results suggested the construction of the
highway system and additional commercial development after the peak growth period were closely associated
with the timing of hydrologic changes in Dead Run. This result may not be surprising in Dead Run because
the watershed experienced another smaller period of growth between 1975 and 1990 (Figure 2), which was
likely sparked by the completion of an interchange between Interstate 70 and the Baltimore Beltway (I-695)
in 1969. Highway construction that added approximately 8.4 km of two and four lane highways bisecting
the Dead Run watershed (MSA SC 1969). Along with building expansion, the construction of the highway
triggered the construction of strip malls around the Interstate exit. For example, the Security Square Mall
opened in 1972, adding a large expanse of impervious cover (5% of the present day impervious cover) to
the watershed that was not considered in our building-density estimate. Commercial development around
this highway interchange likely contributed to continued hydrologic change in the watershed after the peak
growth period. Reconstructing road network expansion and commercial development patterns, while outside
the scope of this study, would likely improve the reconstructions of overall development trajectories. Whether
changes in high-f  low frequency were rapid or gradual during urbanization, hydrologic trends appear tightly
coupled to development history in the watershed. Clarifying the linkages between development history and
hydrologic changes will improve our ability to predict potential future impacts on stream systems as urban
areas continue to expand.

Factors inf  luencing runoff-efficiency lags

The timing of changes in runoff efficiency was likely coupled to both the history of watershed development and extreme weather events. Our results showed variability in the timing of runoff-efficiency shifts in
urbanizing watersheds, with two runoff efficiency-shifts occurring within the peak growth period and two
occurring outside the bounds of the peak growth period (Figure 5). The timing of runoff-efficiency shifts
in two Baltimore watersheds, Gwynns Falls and Little Patuxent, occurred within a narrow range between
1971 and 1973, both preceding the peak growth midpoint (Table 3). The consistent runoff-efficiency shift in
these two Baltimore watersheds suggested a factor other than development was driving observed changes or
interacting with development processes, such as elevated f  low volumes due to large storms. Changes in the
Baltimore runoff efficiency records were coincident with Hurricane Agnes landfall in June of 1972, which
dropped more than 25 cm of rain on the Piedmont of Maryland (DeAngelis and Hodge, 1972). Stream
f  low records in the Baltimore watersheds indicated a dramatic effect of Hurricane Agnes. Daily mean discharge on June 22, 1972 was 26%, 14%, and 8% of the cumulative daily mean discharge for the year 1972 in
Gwynns Falls, Little Patuxent, and Dead Run, respectively. Record storm f  low following Hurricane Agnes
likely explains the spike in runoff efficiency during 1972 and the timing of runoff-efficiency breakpoints in
the Little Patuxent and Gwynns Falls watersheds.
Extreme weather events likely continue to inf  luence stream hydrology long after they occur, and these
effects should interact with the effects of development on stream hydrology. Interestingly, the stream f  low
records showed that runoff efficiency remained elevated after 1972 in Little Patuxent and Gwynns Falls,
indicating a transition in runoff efficiency towards increased stormwater contributions (Figure 5). Increased
drainage density is one possible explanation for why runoff efficiency remained elevated in the years after
Hurricane Agnes. Following Hurricane Agnes, numerous Maryland Piedmont watersheds, including the
Patuxent River watershed, experienced geomorphic changes such as widened and deepened stream channels (Costa, 1974; Fox, 1976). Extreme stream f  low and channel erosion may have created new drainage
pathways that extended headwater channels increasing drainage density in these watersheds. Increases in
stream-channel density, are associated with more efficient runoff collection and routing leading to f  lashier
f  lows in urban areas (Graf, 1977).
Reduced watershed storage capacity is another possible explanation for elevated runoff efficiencies in these
watersheds. In the week following Hurricane Agnes landfall, record amounts of sediment were mobilized
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and delivered to the Chesapeake Bay (Schubel, 1974). If similar amounts of sediment were mobilized and
then deposited in these Baltimore watersheds, sediment deposited in lakes and reservoirs, as well as behind
structures that constrict f  low (e.g., road culverts) may have reduced the water storage capacity of the stream
network. In the Little Patuxent River two dams were constructed in 1966 and 1967, creating two reservoirs
with a combined area covering 49 acres. While we expect the regulating function of dams would stabilize
changes in f  low duration and frequency by providing consistent basef  low and restricting high f  lows (Poff et al.,
2007; Williams and Wolman, 1984), an extreme weather event like Hurricane Agnes could reduce the storage
capacity of reservoirs by adding significant amounts of sediment to these reservoirs. In addition, infrastructure
upgrades in response to f  looding following the hurricane could have increased pipe capacities and quickened
the routing of water to the stream network. The large volume of stream f  low, high sediment mobilization, and
infrastructure changes triggered by this extreme event provide a possible explanation for why runoff efficiency
remained high in the years following the hurricane.

Precipitation variability and f  low metric sensitivity

Increases in precipitation during the last half of the 20th century have been shown to cause stream f  low
increases in several reference watersheds in the eastern U.S. (Lins and Slack, 1999; McCabe and Wolock,
2002). However, in human-dominated watersheds, the expansion, arrangement, and connection of impervious surfaces to the stream networks is thought to drive hydrologic changes (Shuster et al., 2005; Walsh et al.,
2005b). Given that we found no significant increases in annual precipitation amount within study watersheds
between 1950 and 2012, the type and timing of hydrologic changes we identified in these watersheds were
primarily driven by the unique development history of each watershed. Difference in the sensitivity of the
two f  low metrics, high-f  low frequency and runoff efficiency, provided insight into additional factors d
 riving
the timing of stream f  low changes. Abrupt shifts in high-f  low frequency were coupled to the history of
development in the watershed, with high-f  low-frequency shifts generally tracking the development trajectory. In contrast, the timing of shifts in runoff efficiency appeared to be more sensitive to watershed-wide
changes in drainage density, water storage, and extreme weather events.

Conclusions

Existing conceptualizations of hydrologic change during urbanization depict a gradual, linear process. Our
results demonstrate that rapid urbanization can lead to large, non-linear shifts in the f  low regime, and
suggest that the urbanization trajectory has a strong inf  luence on the magnitude and timing of hydrologic
changes. The timing of the main period of watershed development is particularly important because stormwater regulations during that period can set the primary type of stormwater infrastructure installed in the
watershed. Along with residential development, other large-scale factors such as the construction of interstate
highways, dams, and extreme weather events can strongly inf  luence the timing of changes in high f  lows and
runoff efficiency. Refining hypotheses from the urban stream syndrome concept to incorporate heterogeneity in hydrologic changes and temporal lags in f  low response will improve our ability assess and identify
mechanisms driving declines in urban aquatic ecosystems. Clarifying linkages between development history
and hydrologic changes will also improve our ability to predict potential future impacts on stream systems,
as urban areas continue to expand.

References

Alberti M, Booth D, Hill K, Coburn B, Avolio C, et al. 2007. The impact of urban patterns on aquatic ecosystems: An
empirical analysis in Puget lowland sub-basins. Landscape Urban Plan 80: 345–361.
Bain DJ, Brush GS. 2008. Gradients, property templates, and land use change. Prof Geogr 60: 224–237.
Balascio CC, Lucas WC. 2009. A survey of storm-water management water quality regulations in four Mid-Atlantic
States. J Environ Manage 90: 1–7. doi:10.1016/j.jenvman.2007.10.006.
Beighley RE, Moglen GE. 2002. Trend assessment in rainfall-runoff behavior in urbanizing watersheds. J Hydrol Eng 7: 27–34.
Brown LR, Cuffney TF, Coles JF, Fitzpatrick F, McMahon G, et al. 2009. Urban streams across the USA: lessons learned
from studies in 9 metropolitan areas. J N Am Benthol Soc 28: 1051–1069.
Bürgi M, Hersperger AM, Schneeberger N. 2004. Driving forces of landscape change—current and new directions.
Landscape Ecol 19: 857–868.
Carter T, Jackson CR, Rosemond A, Pringle C, Radcliffe D, et al. 2009. Beyond the urban gradient: barriers and opportunities for timely studies of urbanization effects on aquatic ecosystems. J N Am Benthol Soc 28: 1038–1050.
Costa JE. 1974. Response and recovery of a Piedmont watershed from tropical storm Agnes, June 1972. Water Resour Res
10: 106–112.
Cuo L, Lettenmaier DP, Alberti M, Richey JE. 2009. Effects of a century of land cover and climate change on the hydrology of the Puget Sound basin. Hydrol Process 23: 907–933.
DCNR. 2002. Turtle Creek Watershed River Conservation Plan. Wilmerding, PA: Pennsylvania Department of Conservation and Natural Resources.

Elementa: Science of the Anthropocene • 3: 000056 • doi: 10.12952/journal.elementa.000056

12

Stream flow changes in urban watersheds
DeAngelis R, Hodge WT. 1972. Preliminary Climatic Data Report Hurricane Agnes, June 14-23. Ashville, NC: National
Oceanic and Atmospheric Administration, Environmental Data Service.
DeWalle DR, Swistock BR, Johnson TE, McGuire KJ. 2000. Potential effects of climate change and urbanization on mean
annual streamf  low in the United States. Water Resour Res 36: 2655–2664.
Fox HL. 1976. The urbanizing river: a case study in the Maryland Piedmont, in: Geomorphology and Engineering. Pennsylvania: Dowden, Hutchinson, & Ross, Stroudsburg. pp. 245–271.
Graf WL. 1977. Network characteristics in suburbanizing streams. Water Resour Res 13: 459–463.
Hale RL, Turnbull L, Earl SR, Childers DL, Grimm NB. 2014. Stormwater Infrastructure Controls Runoff and Dissolved
Material Export from Arid Urban Watersheds. Ecosystems 18(1): 62–75. doi:10.1007/s10021-014-9812-2.
Hopkins K, Morse N, Bain D, Bettez N, Grimm N, et al. 2015. Assessment of regional variation in stream f  low responses
to urbanization and the persistence of physiography. Environ Sci Technol 49: 2724–2732.
Hopkins KG, Bain DJ, Copeland EM. 2014. Reconstruction of a century of landscape modification and hydrologic change
in a small urban watershed in Pittsburgh, PA. Landscape Ecol 29: 413–424. doi:10.1007/s10980-013-9972-z.
Jennings D, Jarnagin T. 2002. Changes in anthropogenic impervious surfaces, precipitation and daily streamf  low discharge:
a historical perspective in a mid-Atlantic subwatershed. Landscape Ecol 17: 471–489.
Kaushal SS, Belt KT. 2012. The urban watershed continuum: evolving spatial and temporal dimensions. Urban Ecosyst
15: 409–435.
Kendall MG. 1938. A new measure of rank correlation. Biometrika 30: 81–89.
Konrad CP, Booth DB. 2005. Hydrologic changes in urban streams and their ecological significance, in, American Fisheries
Society Symposium. pp. 157–177.
Lins HF, Slack JR. 1999. Streamf  low trends in the United States. Geophys Res Lett 26: 227–230.
Mann HB, Whitney DR. 1947. On a Test of Whether one of Two Random Variables is Stochastically Larger than the
Other. Ann Math Stat 18: 50–60.
McCabe G, Wolock D. 2002. A step increase in streamf  low in the conterminous United States. Geophys Res Lett 29: 2185.
Meierdiercks KL, Smith JA, Baeck ML, Miller AJ. 2010. Analyses of Urban Drainage Network Structure and its Impact
on Hydrologic Response. J Am Water Resour As 46: 932–943 . doi:10.1111/j.1752-1688.2010.00465.x.
Minnesota Population Center. 2011. National Historical Geographic Information System: Version 2.0. Minneapolis, MN:
University of Minnesota.
Muggeo V. 2003. Estimating regression models with unknown break-points. Stat Med 22: 3055–3071.
Nelson PA, Smith JA, Miller AJ. 2006. Evolution of channel morphology and hydrologic response in an urbanizing drainage basin. Earth Surf Proc Land 31: 1063–1079.
O’Driscoll M, Clinton S, Jefferson A, Manda A, McMillan S. 2010. Urbanization effects on watershed hydrology and
in-stream processes in the southern United States. Water 2: 605–648.
Olson SH. 1979. Baltimore imitates the spider. Ann Assoc Am Geogr 69: 557–574.
Poff NL, Bledsoe BP, Cuhaciyan CO. 2006. Hydrologic variation with land use across the contiguous United States:
geomorphic and ecological consequences for stream ecosystems. Geomorphology 79: 264–285.
Poff NL, Olden JD, Merritt DM, Pepin DM. 2007. Homogenization of regional river dynamics by dams and global
biodiversity implications. P Natl Acad Sci USA 104: 5732–5737.
R Core Team. 2014. R: A language and environment for statistical computing. Vienna, Austria: R Foundation for Statistical Computing.
Reger J, Cleaves E. 2008. Physiographic Map of Maryland and Open-File Report 08-03-1 (No. 08-03-1). Maryland
Geological Survey. Baltimore, MD.
Richter BD, Baumgartner JV, Powell J, Braun DP. 1996. A method for assessing hydrologic alteration within ecosystems.
Conserv Biol 10: 1163–1174.
Rutledge AT. 1998. Computer Programs for Describing the Recession of Ground-Water Discharge and for E
 stimating
Mean Ground-Water Recharge and Discharge from Streamf  low Data. Water-Resources Investigations Report
98-4148. Reston, VA: U.S. Geological Survey.
Schubel JR. 1974. Effects of Tropical Storm Agnes on the Suspended Solids of the Northern Chesapeake Bay, in Gibbs
RJ, ed., Suspended Solids in Water, Marine Science. US: Springer. pp. 113–132.
Schueler TR, Fraley-McNeal L, Cappiella K. 2009. Is impervious cover still important? Review of recent research. J Hydrol
Eng 14: 309–315.
Shuster WD, Bonta J, Thurston H, Warnemuende E, Smith DR. 2005. Impacts of impervious surface on watershed
hydrology: A review. Urban Water 2: 263–275.
State of Maryland. 1969. State Highway Systems and Connections.
Wagner W. 1970. Geology of the Pittsburgh Area (No. G-59). Pittsburgh, PA: Pittsburgh Geological Society, Commonwealth of Pennsylvania.
Walsh CJ, F  letcher TD, Ladson AR. 2005b. Stream restoration in urban catchments through redesigning stormwater
systems: looking to the catchment to save the stream. J N Am Benthol Soc 24: 690–705.
Walsh CJ, Roy AH, Feminella JW, Cottingham PD, Groffman PM, et al. 2005a. The urban stream syndrome: current
knowledge and the search for a cure. J N Am Benthol Soc 24: 706–723.
Williams GP, Wolman MG. 1984. Downstream effects of dams on alluvial rivers. Geological Survey Professional Paper 1286.
Washington, DC: US Government Printing Office.
Contributions
•
Contributed to conception and design: KGH, NBM, DJB, NDB, NBG, JLM, MMP
•
Contributed to acquisition of data: KGH, NBM, DJB, NDB, NBG, JLM, MMP
•
Contributed to analysis and interpretation of data: KGH, NBM, DJB, NDB, NBG, JLM, MMP
•
Drafted and/or revised the article: KGH
•
Approved the submitted version for publication: KGH, NBM, DJB, NDB, NBG, JLM, MMP
Elementa: Science of the Anthropocene • 3: 000056 • doi: 10.12952/journal.elementa.000056

13

Stream flow changes in urban watersheds
Acknowledgments
We are grateful to Rose Smith and Joshua Cole at the University of Maryland for assistance with compilation of Maryland parcel data. We thank the editor and an anonymous reviewer for their helpful comments on this manuscript.
Funding information
Funding was provided by the Long-Term Ecological Research program’s Network Office (NSF #0832652 and #0936498)
via an Urban Aquatics Working Group; the Central Arizona–Phoenix (NSF #1026865), Baltimore Ecosystem Study
(NSF #1027188), and Plum Island Ecosystem (NSF #1058747) LTERs; and the University of Pittsburgh.
Competing interests
The authors have declared that no competing interests exist.
Data accessibility statement
Publicly available data used in this study was from the USGS Current Water Data for USA, NOAA National Climate
Data Center, and U.S. Census Bureau. U.S. Census Bureau population data was accessed through the Minnesota Population Center’s National Historical Geographic Information System (NHGIS), https://www.nhgis.org/.
Property tax assessment records can be obtained by contacting the following organizations Allegheny County of Pennsylvania, Commonwealth of Massachusetts Office of Geographic and Information (MassGIS), and Maryland Department
of Planning.
Copyright
© 2015 Hopkins et al. This is an open-access article distributed under the terms of the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and
source are credited.

Elementa: Science of the Anthropocene • 3: 000056 • doi: 10.12952/journal.elementa.000056

14

